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Polarized γ-photon beams produced by collision of two ultrarelativistic electron beams
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Many studies have shown that high-energy γ -photon beams can be efficiently generated via nonlinear Comp-
ton scattering driven by laser pulses with intensities greater than 1022 W/cm2 recently available in laboratories.
Here we propose a laserless scheme to efficiently generate high-energy polarized γ -photon beams by collision
of two ultrarelativistic electron beams. The self-generated field of a dense driving electron beam provides a
strong deflection field for the other ultrarelativistic seeding electron beam. A QED Monte Carlo code based
on the locally constant field approximation is employed to simulate the collision process, and the polarization
properties of the γ photons produced are investigated. The simulation results and theoretical analysis indicate
that the photon polarization, including both linear and circular polarizations, can be tuned by changing the initial
polarization of the seeding beam. If an unpolarized seeding beam is used, linearly polarized photons with an
average polarization of 55% can be obtained. If the seeding beam is transversely (longitudinally) polarized,
the linear (circular) polarization of photons above 3 GeV can reach 90% (67%), which is favorable for highly
polarized, high-energy γ -photon sources.
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I. INTRODUCTION

Polarized γ -photon beams play an important role in as-
trophysics [1], nuclear physics [2], high-energy physics [3,4],
and plasma physics [5]. For example, in high-energy physics,
the linearly polarized photon beam can be used to distinguish
Delbrück scattering from other elastic scattering processes [4]
and achieve a more accurate measurement of Delbrück scat-
tering. Polarized electrons and positrons can be used to detect
nuclear structures accurately [6] and verify standard models
[3] in future electron-positron colliders, where traditionally
the circularly polarized γ -photon beams are usually needed
to generate these polarized positrons via the Bethe-Heitler
process.

Polarized γ photons can be obtained through Compton
scattering [7–9] and bremsstrahlung [10,11]. Unpolarized
electrons can radiate polarized photons by linear Compton
scattering. In linear Compton scattering, the polarization of
the laser can be transferred to the polarization of the scat-
tered photons, since the formation length of the photons is
greater than the laser wavelength [12]. By contrast, the radi-
ation formation length is smaller than the laser wavelength
in nonlinear Compton scattering [13–17] and the polariza-
tion of the laser does not determine the polarization of the
photon, e.g., electrons with longitudinal spin are required
in producing circularly polarized photons through nonlinear
Compton scattering, as will be shown in our results presented
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in the following. For bremsstrahlung, the polarization can be
transferred from electrons to photons, but the incident elec-
tron density should be low enough to avoid the crystal being
damaged [18].

With the rapid development of ultrashort, ultraintense
laser technology, peak intensities of 1022 W/cm2 and even
1023 W/cm2 can be delivered from petawatt-level laser fa-
cilities [19,20]. By use of such laser pulses, many schemes
are proposed to generate high-energy γ photons with high
brightness [21,22] or certain polarization [12,15,16]. Tang
et al. [12] showed that circularly polarized photons with a
polarization of 78% or linearly polarized photons with a po-
larization of 91% can be obtained by using the interaction
of circularly polarized or linearly polarized lasers with elec-
trons in the weakly nonlinear Compton scattering regime. Li
et al. [16] found that polarized γ photons can be emitted
by ultrarelativistic prepolarized electrons through nonlinear
Compton scattering, where the polarization of high-energy
photons is determined by the electron polarization. Xue et al.
[15] proposed to generate polarized γ photons by intense laser
interaction with plasmas, for which the photon brilliance can
reach 1021 photons /(s mm2 mrad2 0.1% BW).

Different from the laser-electron collisions or laser-plasma
interactions, here we propose a laserless scheme to generate
polarized γ -photon beams via the collision of two ultrarel-
ativistic electron beams [23,24]. In the proposed scheme,
one electron beam is the driving beam and the other is the
seeding beam. The driving beam can provide a strong self-
generated field, which plays a role similar to the laser field
in the conventional nonlinear Compton scattering scheme.
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The self-generated azimuthal magnetic field is perpendicular
to the radial electric field, under which the seeding beam
can experience transverse Lorentz force and strongly emit γ

photons. Our simulation results show that if an unpolarized
seeding beam is used, linearly polarized photon beams with
an average polarization of 55% can be generated. Because
the field experienced by the seeding beam is at the same
polarity, one can control the initial polarization of the seeding
beam to adjust the photon polarization to be either linear or
circular. The polarity of the field is important to achieve high
polarization of photons. A crossed oscillating field changes
the polarity with time and the direction of acceleration of the
electrons also changes. To obtain photons with higher linear
polarization, we take polarized electron beams whose spin
direction and transverse acceleration field are opposite. Then
the linear polarization of the produced high-energy photons is
parallel to the (�a⊥, �v) plane. While the electron spin direction
is the same as the transverse acceleration field, the linear
polarization of the high-energy photons is perpendicular to
the (�a⊥, �v) plane. In this case, if a crossed oscillating field is
adopted, the acceleration field is alternating to be the same and
opposite to the electron spin direction, which causes the linear
polarization of the produced high-energy photons to alternate
between parallel and perpendicular to the (�a⊥, �v) plane. Then
the linear polarization of the high-energy photons tends to
be small. Otherwise, the linear polarization of the produced
photons is always parallel to the (�a⊥, �v) plane if the field
experienced by the seeding beam is at the same polarity.

II. THEORETICAL MODEL

In this work we use the collision of two ultrarelativis-
tic electron beams to produce polarized γ photons, one of
which is the seeding beam and the other is the driving
beam. The driving beam provides a superstrong self-generated
field. We take the charge density of the driving beam as
a Gaussian distribution, i.e., ρ = ρ0e−r2/2σ 2

d e−(z−z0−vt )2/2l2
d ,

where ρ0 = Qd

(2π )3/2σ 2
d ld

is the maximum value of the charge

density (with Qd , ld , and σd the total charge, bunch length,
and bunch width, respectively), z0 is the initial center
position of the driving beam, and r =

√
x2 + y2. In the ul-

trarelativistic case, the self-generated field of the driving

beam is approximately Er (r, z, t ) ≈ Bθ (r, z, t ) ≈ 4πρ0
σ 2

d
r (1 −

e−r2/2σ 2
d )e−(z−z0−vt )2/2l2

d [25,26]. There is a maximum field
strength Bmax

θ at r ≈ 1.585σd and z = z0 + vt , where

Bmax
θ ≈ 1.08 × 104 × Qd (nC)

σd (µm) × ld (µm)
. (1)

The longitudinal field components Ez(r, z, t ) and Bz(r, z, t )
can be negligible. The maximum value of the QED parameter
is about

χmax
e ≈ 0.0096 × Qd (nC) × εs0 (GeV)

σd (µm) × ld (µm)
, (2)

where εs0 is the initial electron energy of the seeding beam.
In this article, a Monte Carlo algorithm is used to simu-

late the polarized photon emission [27–29]. The spin flip of
electrons due to radiative polarization and the determination
of photon polarization are included [16,30,31]. This code has

been used in the previous work to investigate polarized pair
production [32]. We use the spin- and polarization-resolved
photon radiation probability derived from the semiclassical
QED operator method [13,16,30,33,34], where the local con-
stant field approximation (LCFA) [35–39] is used. If the
external field satisfies a0 = |e|E

mecω0
� 1, it is generally consid-

ered to satisfy the LCFA, where a0 is the normalized field
strength, ω0 is the laser frequency, and E is the deflection
field strength. The angular-resolved radiation probability can
be expressed as

d2Wrad

dudt
= αm2c4

2
√

3π h̄εe

[
u2 − 2u + 2

1 − u
K2/3(y)

− IntK1/3(y) − uK1/3(y)(�Si · �e2)

+ u

1 − u
K1/3(y)(�Si · �e1)ξ1

+
(

2u − u2

1 − u
K2/3(y) − u IntK1/3(y)

)
(�Si · �ev )ξ2

+
(

K2/3(y) − u

1 − u
K1/3(y)(�Si · �e2)

)
ξ3

]
, (3)

where Kν (y) is the modified Bessel function of the second
kind of the νth order, y = 2u

3(1−u)χe
, u = εγ

εe
is the ratio of

the photon energy to the electron energy, α ≈ 1
137 is the

fine-structure constant, and χe = eh̄
m3

e c4 |Fμν pν | is the nonlinear
quantum parameter. Physical variables e, c, me, h̄, Fμν , and pν

are the electron charge, the speed of light, the electron mass,
the reduced Planck constant, the electromagnetic field tensor,
and the electron four-dimensional momentum, respectively.
Vectors �Si and �S f are the electron spin-polarization vectors
before and after the emission. Here |�Si| = |�S f | = 1, which
means the electron is in a pure state. Since we are mainly
concerned with photon polarization, here we have summed
the final states of electrons. The normalized Stokes vector
�ξ = (ξ1, ξ2, ξ3) is used to describe the photon polarization.
The Stokes vector depends on the specific coordinate system
and we select (�e1, �e2, �ev ), where �e1 is the direction of the
transverse acceleration of the electron, �ev is the velocity direc-
tion of the electron, and �e2 = �ev × �e1. The Stokes component
ξ1 = +1 (−1) means that the photon is linearly polarized
at an angle of π/4 right to the direction �e1 (�e2), ξ3 = +1
(−1) means that the photon is linearly polarized along the
direction �e1 (�e2), and ξ2 = +1 (−1) means that the photon
is right-handed (left-handed) circularly polarized.

In the process of photon emission, we introduce two uni-
form random numbers r1 and r2 in the interval of (0,1).
When 3r2

1 dWtotal(u0)/du > r2, a photon with an energy pro-
portion of u0 = r3

1 is radiated [29], where Wtotal is the total
radiation probability. Then we take another random number
r3 ∈ (0, 1) to determine the photon polarization. Equation (3)

can be written as dW 2
rad

dudt = W0 + W1ξ1 + W2ξ2 + W3ξ3 = W0 +
�W · �ξ = W0 + | �W |Ŵ · �ξ , where | �W | =

√
W 2

1 + W 2
2 + W 2

3 and
Ŵ is the direction vector of �W . When a photon is radiated,
it collapses into a pure state along the Ŵ direction or its op-

posite direction. If dW 2
rad

dudt |�ξ=Ŵ /( dW 2
rad

dudt |�ξ=Ŵ + dW 2
rad

dudt |�ξ=−Ŵ ) > r3,

then �ξ = Ŵ ; otherwise �ξ = −Ŵ , where dW 2
rad

dudt |�ξ=Ŵ = W0 +
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FIG. 1. Interaction scenario of an ultrarelativistic seeding elec-
tron beam colliding head-on with a dense driving electron beam. The
driving beam provides a superstrong self-generated field. In such a
transverse field the seeding beam emits polarized γ photons, whose
emission direction is approximately along the propagation direction
of the seeding beam.

| �W | and dW 2
rad

dudt |�ξ=−Ŵ = W0 − | �W |. After a photon is radiated,
the electron spin state collapses to one of the basis states
determined by the spin quantization axis (SQA). Here we
choose the fixed axis �v × �a as the SQA [14,15,40], which
is the magnetic-field direction of the electron in the rest
coordinate system. The choice of SQA depends on the ob-
servable of interest. The spin of the electron is determined

by the random number r4 ∈ (0, 1). If d2Wγ

dudt |�S f =�e2
/( d2Wγ

dudt |�S f =�e2
+

d2Wγ

dudt |�S f =−�e2
) > r4, then �S f = �e2; otherwise �S f = −�e2, and the

derivations of d2Wγ

dudt |�S f =�e2
and d2Wγ

dudt |�S f =−�e2
can be found in

Appendix B.
The self-generated radial field Er (r, z, t ) formed by the

driving beam can be considered as a half-cycle laser field
with a wavelength of 4ld . The classical electron dynamics
is described by the Newton-Lorentz force and the Thomas-
Bargmann-Michel-Telegdi theory is used to describe the
electron spin precession [41]. In the ultrarelativistic case, the
direction of the photon emission is close to the initial electron
velocity direction.

III. SIMULATION RESULTS AND ANALYSIS

A. Simulation parameters

In the typical simulation case, we take the driving electron
beam with the charge Qd = 4 nC, the length ld = 0.5 µm,
the width σd = 1.0 µm, and the initial energy εd0 = 10 GeV.
The seeding beam has the charge Qs = 0.128 pC, the length
ls = 1.0 µm, the width σs = 0.5 µm, and the initial energy
εs0 = 5 GeV. The energy spread of the seeding beam is
Δεs0/εs0 = 0.01. The self-generated field of the seeding beam
is 10−5 orders of magnitude lower than the driving beam and
can be ignored. Such a driving beam and seeding beam can
be provided by FACET II [42] and future laser wakefield ac-
celerators [43]. At the initial time, the central positions of the
driving beam (along the +z axis) and the seeding beam (along
the −z axis) are (x, y, z) = (0, 0,−2 µm) and (d0, 0, 2 µm),
respectively, where d0 is the impact parameter between two
electron beams, as shown in Fig. 1. If the impact parameter

FIG. 2. (a) Photon-number density log10(d2Nγ /dθxdθy ) and
(b) photon polarization ξ3 versus deflection angles θx and θy, where
θx ≈ px

|pz | and θy ≈ py

|pz | . (c) Photon spectrum log10 dNγ /dεγ and

(d) photon polarization ξ3 versus photon energy εγ .

of the two beams cannot be well controlled in technology, the
photon polarization should average over the impact parameter
and the polarization will vanish. Therefore, the control of the
impact parameter is key in our case.

In our simulation, we set σs = 0.5 µm and d0 = −2 µm
to obtain efficient photon yield. Notice that when |d0| =
1.585σd = 1.585 µm, χe is at the maximum, causing the most
efficient photon yield, but the linear polarization is not the
highest. As |d0| deviates from 1.585σd and χe decreases, the
linear polarization increases. To balance the photon yield and
the linear polarization, a moderate |d0| is required, as we
have taken in our simulations. The maximum value of χe in
the interaction is 0.38, so the QED effect needs to be taken
into account. In our simulations a0 ≈ 4 × Qd (nC)

σd (µm) = 16 � 1,
ensuring that the LCFA holds.

B. Simulation results

We show the angular distributions, spectrum, and po-
larization of the generated photons in Fig. 2. Figure 2(a)
plots the photon angular distribution with respect to θx and
θy, where θx ≈ px

|pz | and θy ≈ py

|pz | . The photons are mainly
distributed in the small regions of −6 mrad < θx < 0 and
−0.3 mrad < θy < 0.3 mrad. The total number of photons
Nγ is about 4.1 × 105 and the energy conversion efficiency
is up to η = ∑

Nγ
εγ /

∑
Ns

εs0 ≈ 3.0% [see Fig. 3(c)]. The
generated photons are mainly distributed in the −x direc-
tion because the Lorentz force deflects the seeding beam in
the −x direction. If d0 > 0, the photons will be distributed
in the +x direction, because the self-generated field polar-
ity is reversed. Figure 2(c) shows the distribution of photon
number with photon energy and the cutoff energy of the pro-
duced photon approaches 4 GeV. When the electron charge
is taken as 0.128 pC, the brilliance is 7.1 × 1015 photons
/(s mm2 mrad2 0.1% BW) at a photon energy of 1 GeV. If the
electron charge is increased to 0.2 nC, the brilliance can reach
1019 photons /(s mm2 mrad2 0.1% BW).

The produced photons are linearly polarized and the av-
erage polarization degree is about 55% [see Figs. 2(d) and
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FIG. 3. (a) Photon number Nγ , (b) photon polarization 〈ξ3〉, and
(c) energy conversion efficiency η versus the driving beam length ld

in three cases with driving beam widths of σd = 0.5 µm (blue dashed
line), 1.0 µm (orange dash-dotted line), and 1.5 µm (yellow solid
line), respectively.

3(b)]. In our case ξ1 ≈ 0, ξ2 ≈ 0, and the average polarization
degree is defined as Pγ =

√
(ξ1)2 + (ξ2)2 + (ξ3)2 ≈ |ξ3|. Ac-

cording to Eq. (3), the average linear polarization degree of
photons can be expressed as

ξ3 = K2/3(y) − u
1−u K1/3(y)(�Si · �e2)

u2−2u+2
1−u K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2)

. (4)

Due to the quantum effect, the photon polarization can
only take the direction of parallel and antiparallel to

Ŵ and the corresponding probabilities are dW 2
rad

dudt |�ξ=Ŵ =
W0 + | �W | and dW 2

rad
dudt |�ξ=−Ŵ = W0 − | �W |, respectively [34].

The corresponding probabilities are linearly superimposed
and the polarization of the final photon is achieved

as ( dW 2
rad

dudt |�ξ =Ŵ − dW 2
rad

dudt |�ξ=−Ŵ )Ŵ /( dW 2
rad

dudt |�ξ=Ŵ + dW 2
rad

dudt |�ξ=−Ŵ ) =
�W /W0, that is, ξ3 = W3/W0.

In the case of the unpolarized seeding beam, the influ-
ences of spin on the polarization degree of photons cancel
each other, so one can take �Si · �e2 = 0. Then ξ3 can be
simplified to

ξ3 ≈ K2/3(y)
u2−2u+2

1−u K2/3(y) − IntK1/3(y)
. (5)

From Fig. 2(d) one can see that the linear polarization of
the photon increases from 50% to 69% at an energy of 1
GeV and then decreases slowly. When u 
 1, IntK1/3(y) 

K2/3(y) and ξ3 ≈ 1

2 . As u increases, IntK1/3(y)/K2/3(y) in-
creases rapidly, resulting in an increase in ξ3. According to
Eq. (5), when u is larger than 0.7, IntK1/3(y) ≈ 0.9K2/3(y)

and ξ3 ≈ 1
u2−2u+2

1−u −0.9
= 1−u

u2−1.1u+1.1 , which is very close to our

simulation shown in Fig. 2(d). This figure shows that the
high-energy photons tend to have low polarization and these
photons usually distribute in small |θx| and |θy| as observed in
Fig. 2(b). High-energy photons are mainly produced by high-
energy electrons distributed in small |θx| and |θy|. Low-energy
photons distributed in large |θx| and |θy| have higher degrees of
polarization whose parent electrons radiate strongly and lose
substantial energy.

C. Influence of beam parameters

In Fig. 3, the influences of the length ld of the driving
beam on the photon number Nγ , photon polarization 〈ξ3〉, and
energy conversion efficiency η under different beam widths
σd are studied, where the charge of the driving beam Qd is
4 nC and σs/σd = 0.5. Comparing different lines in Fig. 3(a)
shows that the photon number increases with the decrease of
the driving beam width σd since a smaller σd causes a larger χe

[see Eq. (2)] and consequently a higher radiation probability.
This figure also displays that the photon number Nγ increases

with the increase of ld , since Nγ ∼ ld
c

∫
du d2Wrad

dudt , where d2Wrad
dudt

is the probability of radiation per unit of time per unit of
energy. The photon number Nγ ∝ l1/3

d at χe � 1 and Nγ ∝ 1
at χe 
 1, where the probability of radiation dWrad

dt is inversely

proportional to l2/3
d and ld in the two cases [34], respectively.

Note that for the longer ld , the average energy of photons tends
to decrease since χe is smaller according to Eq. (2). As shown
in Fig. 3(c), energy conversion η decreases with the increase
of ld and σd , because the radiation energy of an electron is
mainly determined by χe, which is inversely proportional to
ld and σd . Note that the reduction of η and the increase of Nγ

with the growing ld means that the average photon energy and
the proportion of high-energy photons are reduced.

In Fig. 3(b), one can see that the average polarization of
photons increases with the increase of ld and σd . By summing
the photon energy spectrum, one can obtain the expression of
the total linear polarization of photons

〈ξ3〉 =
6

∫ ∞
0 dv

exp(− f )
(1+v)2 f v(4 + 3v − f v)∫ ∞

0 dv
exp(− f )
(1+v)3 f v[3 + 29(1 + v)2 − 3 f v(2 + v) + f 2v2]

,

(6)

where v is the integral variable and f = v[3(1 + v)]1/2/χe;
more details can be found in Appendix A. In Eq. (6), 〈ξ3〉
decreases monotonically with χe (see Fig. 8 in Appendix A).
According to Eq. (2), χe is inversely proportional to ld and
σd , so the average polarization of photons increases with the
increase of ld and σd .

Figure 4 shows the influence of the initial energy of
the seeding electron beam on the photon number Nγ ,
photon polarization 〈ξ3〉, and energy conversion efficiency
η. Increasing the seeding beam energy εs0 results in the
reduction of the photon number and polarization as shown in
Figs. 4(a) and 4(b), respectively. We notice that the increase of
εs0 has a slight effect on the photon number, e.g., the number
of photons does not change by more than 5% when εs0 is
increased from 1 GeV to 10 GeV with Qd = 4 nC. This can
be explained by Eq. (3), which shows that Wrad is inversely
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FIG. 4. (a) Photon number Nγ , (b) photon polarization 〈ξ3〉, and
(c) energy conversion efficiency η versus the seeding beam initial
energy εs0 in three cases with charges of the driving beam of Qd =
3 nC (purple dashed line), 4 nC (green dash-dotted line), and 5 nC
(cyan solid line), respectively.

proportional to the electron energy εe, which offsets the effect
of the increase of χe. Increasing εs0 leads to the increase in χe

and the decrease in 〈ξ3〉, in terms of Eq. (6) and the discussion
above. In Fig. 4(c) it is found that increasing the seeding
beam energy can improve the energy conversion efficiency as
well as grow the proportion of high-energy photons. This is
because η ∝ ∫

duεγ
d2Wrad
dudt = ∫

du αm2c4

4
√

3π h̄
u[ u2−2u+2

1−u K2/3(y) −
IntK1/3(y)] = ∫

du αm2c4

4
√

3π h̄
u[ u2

1−u K2/3(y) + IntK5/3(y)], and
K2/3 and IntK5/3 increase with the decrease of y, which is
inversely proportional to εs0.

Increasing the charge of the driving beam Qd also causes
the growth of Nγ but the decrease of 〈ξ3〉. This is because
with the increase of χe as Qd grows, Nγ goes up and 〈ξ3〉
goes down [according to Eq. (6)]. One can increase the
number of photons and the energy conversion efficiency by
increasing Qd according to Figs. 4(a) and 4(b). Meanwhile,
the increased Qd has a slight negative impact on the photon
polarization.

D. Improving photon polarization through initial
polarization of the seeding beam

Above we have taken an initially unpolarized seeding
electron beam, and the polarization of the photons in the
high-energy tail is relatively low, as shown in Fig. 2(d). To
improve the polarization of high-energy photons, one can use
a prepolarized seeding beam with a polarization along the y
axis (or a transverse polarization), i.e., the spin direction of
the electrons is the same as or opposite to the direction of the
experienced effective magnetic field in the electron rest frame.
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FIG. 5. (a) Photon polarization ξ3 versus photon energy εγ with

various initial electron polarizations (from top to bottom) Sy
i = −1

(green solid line), −0.5 (purple dash-dotted line), 0 (yellow solid
line), 0.5 (orange dashed line), and 1 (blue solid line). (b) Photon
number Nγ (left red bar) and average photon polarization ξ3 (right
blue bar) versus the cutoff energy εγ .

The average polarization is given by Eq. (4). The first term

K2/3(y)
u2−2u+2

1−u K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2)
(7)

degenerates to K2/3(y)
u2−2u+2

1−u K2/3(y)−IntK1/3(y)
in the case with an ini-

tially unpolarized seeding beam and it decays to 0 as u
increases, which leads to low polarization of the high-energy
photons. The second term of Eq. (4),

u
1−u K1/3(y)(�Si · �e2)

u2−2u+2
1−u K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2)

, (8)

determines the polarization of high-energy photons, where
u

1−u K1/3(y) increases monotonically with u and takes the max-

imum value around u = 1. When �Si · �e2 < 0, ξ3 will increase
towards 1 as photon energy increases, and when �Si · �e2 > 0, ξ3

will decrease towards −1, which suggests that a prepolarized
seeding beam can generate highly polarized photons with high
energies.

In Fig. 5(a) we draw the photon polarization distribution
when the initial polarization of the seeding beam Sy

i = −1,
−0.5, 0, 0.5, and 1. The average polarizability of the gener-
ated photons is 0.57, 0.56, 0.55, 0.54, and 0.53, respectively.
For high-energy photons with energies higher than 3.5 GeV,
ξ3 = 0.94, 0.69, 0.35, −0.05, and −0.80, respectively. It is
found that when Sy

i = 1 (the electron spins are in the same
direction as the magnetic field), ξ3 will first increase from
about 0.5 and then decrease to −1 as the photon energy
increases. If the electron spins are in the opposite direction
to the magnetic field with Sy

i = −1, ξ3 increases from about
0.5 to 1 as photon energy increases, so the average polariza-
tion is higher than the case with Sy

i = 1. These results agree
with Eq. (4) [the corresponding calculation of this equation is
shown in Fig. 7(a)]. When a classical electromagnetic wave
is radiated, the linear polarization ξ3 of the electromagnetic
wave increases from 0.5 to about 1 with the increase of the
electromagnetic wave frequency or photon energy [30]. This
can explain why the photon polarization first increases from
0.5 with the photon energy at the low-energy range. While the
photon energy is large enough, the quantum effect starts to
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FIG. 6. (a) Photon polarization ξ2 versus photon energy εγ under
various initial electron polarizations (from top to bottom) Sz

i = −1
(green solid line), −0.5 (purple dash-dotted line), 0 (yellow solid
line), 0.5 (orange dashed line), and 1 (blue solid line). (b) Photon
number Nγ (left black bar) and average photon polarization ξ2 (right
green bar) versus the cutoff energy εγ .

work, i.e., the electron spin will influence the photon polar-
ization. When the electron spin is antiparallel to the magnetic
field, ξ3 will increase to 1, as shown in the case with the initial
electron spin of Sy

i = −1 in Fig. 7(a). When the electron spin
is parallel to the magnetic field, ξ3 decreases to −1, as shown
in the case with the initial electron spin of Sy

i = 1 in Fig. 7(a).

When the electron is unpolarized (half with Sy
i = −1 and half

with Sy
i = 1), ξ3 decreases to 0, as shown in the case with the

initial electron spin of Sy
i = 0 in Fig. 7(a). The other cases are

intermediate states with the initial electron spin of Sy
i = 0.5

and Sy
i = −0.5 in Fig. 7(a).

In Fig. 5(b) we plot the number and polarizability of
high-energy photons at different energy cutoff εcutoff , where
we counted the photons with energy above εcutoff . With the
increase of εcutoff , the number of photons is decreased and
the photon polarization is increased, e.g., 0.15% of photons
have energies over 3 GeV, but their average polarization can
reach 90%. By contrast, the polarization is 43% when the
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FIG. 7. (a) Linear photon polarization ξ3 versus photon energy
εγ under various initial electron polarizations (from top to bottom)

Sy
i = −1 (green solid line), −0.5 (purple dash-dotted line), 0 (yellow

solid line), 0.5 (orange dashed line), and 1 (blue solid line). (b) Cir-
cular photon polarization ξ2 versus photon energy εγ under various
initial electron polarizations (from top to bottom) Sz

i = −1 (green
solid line), −0.5 (purple dash-dotted line), 0 (yellow solid line), 0.5
(orange dashed line), and 1 (blue solid line). Here χe = 0.38 is taken,
which is close to the typical value obtained in our simulation.

seeding beam is unpolarized initially. The number ratios of
the photons with energies over 1 and 2 GeV are 9.6% and
1.8% and the corresponding average polarizations are 78%
and 86%, respectively.

Next we proceed to study the generation of circularly
polarized γ photons, which is related to the longitudinal po-
larization of the seeding beam. The circular polarization of
photons can be written as

ξ2 = (�Si · �ev )
2u−u2

1−u K2/3(y) − u IntK1/3(y)
u2−2u+2

1−u K2/3(y) − IntK1/3(y)
, (9)

and it is shown that a longitudinally prepolarized seeding
beam with �Si · �ev �= 0 is necessary to achieve nonzero ξ2.
Figure 6(a) shows the influence of the initial polarization of
the seeding beam on the circular polarization of the generated
γ photons. If an initially unpolarized electron beam is used,
no circularly polarized photons can be produced, as observed
in the line with Sz

i = 0 in Fig. 6(a). Left-handed circularly
polarized photons can be produced when the spin direction
of the electron is along its movement direction. Right-handed
circularly polarized photons can be produced when these two
directions are opposite. With an unpolarized beam, the num-
bers of the left-handed and right-handed circularly polarized
photons are the same and they can be summed to linear po-
larized photons. If the seeding beam has initially longitudinal
polarization with Sz

i = ±1 and ±0.5, circularly polarized pho-
tons can be obtained and the circular polarization grows with
the increasing |Sz

i | [see Fig. 6(a)], where the average circular
polarization is 5.3%, with Sz

i = −1. The circular polarization
grows with the increase of the photon energy, as shown in
Fig. 6(a). In Fig. 6(b) we plot the circular polarization of
photons in different photon energy cutoffs when Sz

i = −1 is
taken. As εcutoff is increased from 1 GeV to 2 GeV and 3
GeV, the average circular polarization goes up from 30% to
51% and 67%, respectively. This suggests that the scheme
with a longitudinally prepolarized seeding beam is favorable
for generating high-energy circularly polarized photons with
sufficiently high polarization.

We calculate the photon polarization with different initial
polarizations of the seeding beam according to Eqs. (4) and
(9) and present the results in Fig. 7. Figure 7(a) shows the
linear photon polarization ξ3 with different initial electron
polarization and Fig. 7(b) shows the circular photon polariza-
tion. One can see that the theoretical results are close to the
simulation results present in Figs. 5(a) and 6(a) with different
initial electron polarization. Note that ξ2 appears symmetric
with distributions Sz

i = 1 and Sz
i = −1 as well as Sz

i = 0.5 and
Sz

i = −0.5 since ξ2 ∝ �Si · �ev , as shown in Eq. (9).
One can notice that ξ3 will increase towards 1 as the photon

energy increases when Sy
i = −1 and ξ3 will decrease towards

−1 when Sy
i = 1. In addition, ξ2 will increase towards 1 when

Sz
i = −1 and ξ1 will increase towards 1 when Sx

i = −1. The
spin quantum state of an electron can be represented by a point
(Sx

i , Sy
i , Sz

i ) on the Bloch sphere. The average polarization of
a photon can be represented by a point (ξ1, ξ3, ξ2) on the
Poincaré sphere. One can see that there is a one-to-one corre-
spondence between coordinate points on the spheres. Because
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FIG. 8. Photon polarization 〈ξ3〉 versus QED parameter χe.

of this one-to-one correspondence, one could expect that the
electron polarization could be transferred to the photon polar-
ization in the nonlinear Compton scattering process.

IV. CONCLUSION

Through a series of Monte Carlo simulations, it was
found that a linearly polarized photon beam with an average

polarization of 55% can be obtained by the collision of two
unpolarized ultrarelativistic electron beams. Increasing the
charge of the driving beam and decreasing the width of the
driving beam could significantly increase the photon yield,
with little effect on the photon polarization. When a pre-
polarized seeding beam was used, the photons with high
energies could have a high polarization. For example, if the
transverse polarization of the seeding beam was Sy

i = −1,
the average polarization of high-energy photons with energies
greater than 3 GeV could reach 90%. Circularly polarized
photons could be obtained by using an initially longitudinally
polarized seeding beam and the average circular polariza-
tion of the photons with energy greater than 3 GeV could
reach 67%.
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APPENDIX A: DEPENDENCE OF ξ3 ON χe

We derive the dependence of ξ3 on χe. The radiation intensity matrix can be expressed as

dI12 = dI21 = 0,

dI11 = e2m2ζdζ

2
√

3π h̄2(1 + η)3

[∫ ∞

2ζ/3χe

K5/3(y)dy +
(

1 + ζ 2

1 + ζ

)
K2/3

(
2ζ

3χe

)]
,

dI22 = e2m2ζdζ

2
√

3π h̄2(1 + ζ )3

[∫ ∞

2ζ/3χe

K5/3(y)dy +
(

−1 + ζ 2

1 + ζ

)
K2/3

(
2ζ

3χe

)]
, (A1)

where ζ = h̄ω
εe−h̄ω

. Then we integrate over ζ and get the formula

Ie = I11 + I22

= e2m2

√
3π h̄2

∫ ∞

0

ζdζ

(1 + ζ )3

[∫ ∞

2ζ/3χe

K5/3(y)dy + ζ 2

1 + ζ
K2/3

(
2ζ

3χe

)]

= e2m2

3
√

3π h̄2

∫ ∞

0

ζ (4ζ 2 + 5ζ + 4)

(1 + ζ )4
K2/3

(
2ζ

3χe

)
dζ , (A2)

I− = I11 − I22 = e2m2

√
3π h̄2

∫ ∞

0

ζdζ

(1 + ζ )3
K2/3

(
2ζ

3χe

)
. (A3)

Then we use the integral representation of the McDonald function∫ ∞

−∞
x sin(bx + ax3)dx = 2

3
√

3

b

a
K2/3(σ ), (A4)

where σ = (2/3
√

3)(b3/2/a1/2), and obtain

Ie = e2m2

6π ih̄2

∫ ∞

0

4ζ 3 + 5ζ 2 + 4ζ

(1 + ζ )4

∫ ∞

−∞
dττeiζ (τ+τ 3/3)/χe , (A5)
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I− = e2m2

2iπ h̄2

∫ ∞

0

ζ

(1 + ζ )3

∫ ∞

−∞
dττeiζ (τ+τ 3/3)/χe . (A6)

Changing the variable v = ζ (1 + τ 2/3) and integrating over τ , we have

Ie = e2m2

64h̄2

∫ ∞

0
dv

e− f

(1 + v)3
f v[3 + 29(1 + v)2 − 3 f v(2 + v) + f 2v2], (A7)

I− = 3e2m2

16h̄2

∫ ∞

0
dv

e− f

(1 + v)2
f v(4 + 3v − f v), (A8)

where f = v
√

3(1 + v)/χe. Finally, by summing the photon energy spectrum, we can obtain the total linear polarization of
photons 〈ξ3〉:

〈ξ3〉 = I−
Ie

=
12

∫ ∞
0 dv e− f

(1+v)2 f v(4 + 3v − f v)∫ ∞
0 dv e− f

(1+v)3 f v[3 + 29(1 + v)2 − 3 f v(2 + v) + f 2v2]
. (A9)

The dependence of 〈ξ3〉 on χe can be calculated according to Eq. (A9) and the result is shown in Fig. 8.

APPENDIX B: ANGLE-INTEGRATED RADIATION PROBABILITY

The angle-integrated radiation probability of a polarized photon with a polarized electron is

d2Wγ

dudt
= αm2c4

4
√

3π h̄εe

[
u2 − 2u + 2

1 − u
K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2) − u

1 − u
K 1

3
(y)(�S f · �e2)

+ [2K 2
3
(y) − IntK1/3(y)](�Si · �S f ) + u2

1 − u
[K2/3(y) − IntK1/3(y)](�Si · �ev )(�S f · �ev ) + u

1 − u
K1/3(y)(�Si · �e1)ξ1

+
(

2u − u2

1 − u
K2/3(y) − u IntK1/3(y)

)
(�Si · �ev )ξ2 +

(
K2/3(y) − u

1 − u
K1/3(y)(�Si · �e2)

)
ξ3

]
. (B1)

After summing the polarization of the photon, we get

d2Wγ

dudt
= αm2c4

2
√

3π h̄εe

(
u2 − 2u + 2

1 − u
K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2) − u

1 − u
K1/3(y)(�S f · �e2)

+ [2K2/3(y) − IntK1/3(y)](�Si · �S f ) + u2

1 − u
[K2/3(y) − IntK1/3(y)](�Si · �ev )(�S f · �ev )

)
. (B2)

Here we choose the fixed axis �v × �a as the spin quantization axis. After radiating a photon, the probabilities of the electron spin
along �e2 and −�e2 are

d2Wγ

dudt

∣∣∣∣�S f =�e2

= αm2c4

2
√

3π h̄εe

(
u2 − 2u + 2

1 − u
K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2) − u

1 − u
K1/3(y)

+ [2K2/3(y) − IntK1/3(y)](�Si · �e2)

)
(B3)

and

d2Wγ

dudt

∣∣∣∣�S f =−�e2

= αm2c4

2
√

3π h̄εe

(
u2 − 2u + 2

1 − u
K2/3(y) − IntK1/3(y) − uK1/3(y)(�Si · �e2) + u

1 − u
K1/3(y)

− [2K2/3(y) − IntK1/3(y)](�Si · �e2)

)
, (B4)

respectively.
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